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Keywords: amblyopia -interocular suppression -visual cortex -eeg -functional magnetic resonance imaging introduction amblyopia is a visual disorder affecting primarily foveal vision and is caused by an anomalous early visual experience. it has been suggested that suppression of the visual input from the weaker eye might be a primary underlying mechanism of the amblyopic syndrome (for review see [18] ). in agreement with this, previous research revealed that in monocular viewing condition, stimuli presented to the amblyopic eye lead to reduced and delayed visual evoked potentials (Vep) as compared to the stimulation of the fellow eye [2, 7, 12, 21, 25] . similarly, fmri responses are also decreased for stimuli presented in the amblyopic eye compared to the fellow eye both in monocular viewing condition as well as in the case when stimuli are presented separately to the amblyopic and fellow eye using red-green glasses [4, 6, 10, 16, 17, 19, 24] . however, it is not known whether and to what extent neural responses to the visual information coming from the amblyopic eye is suppressed during binocular viewing condition.
to address this question we measured event-related potentials (erp) to foveal face stimuli in amblyopic patients, both in monocular and binocular viewing conditions. we compared the erp responses obtained in the binocular viewing condition to those in the monocular stimulation of the amblyopic and fellow eye. we reasoned that strong and efficient suppression of the visual input from the amblyopic eye in the binocular viewing condition would result in erp responses very similar to those in the monocular stimulation of the fellow eye. on the other hand, if amblyopic input is not or only weakly suppressed during binocular stimulation, it might affect both the amplitude and delay of the early erp components and thus result in altered erp responses in the case of binocular compared to the fellow eye stimulation. our results revealed no difference in the amplitude and latency of early p1 and n170 components of the erp responses between the binocular and fellow eye stimulation and thus suggest that input from the amblyopic eye is strongly suppressed already at the earliest stages of visual cortical processing.
materials and methods

Subjects
twelve amblyopic subjects (5 females, 9 right-handed, mean age: 31 years) participated in experiment 1. in six cases the amblyopic eye was their right eye. eleven amblyopic subjects (7 females, 9 right-handed, mean age: 29 years) participated in experiment 2. in four cases the amblyopic eye was their right eye. none of them had any history of neurological or psychiatric diseases and all had normal or corrected-tonormal visual acuity of the dominant fellow eye (table 1) .
Visual stimuli
participants viewed images of human faces and performed a gender categorization task. face-stimuli consisted of front view grayscale photographs of four female and four male neutral faces that were cropped and covered with a circular mask to eliminate the outer features. all images were equated for luminance and contrast. stimuli were presented centrally on a uniform gray background and subtended 2 visual degrees, matching approximately the size of the fovea. in experiment 2, on half of the Acta Biologica Hungarica 63, 2012 Table 1 clinical details of amblyopic subjects trials subjects were presented with noisy face images, which were generated by decreasing the phase coherence of the female and male images using the weighted mean phase technique. in the current study, however, we will present and discuss only the results obtained with the 100% phase coherence face stimuli, while results obtained with the noisy faces will be presented elsewhere.
Procedure
gender categorization was measured by a two-alternative forced choice procedure. subjects were required to judge the gender of the face images (female/male) as accurately and fast as possible, indicating their choice with one of the mouse buttons. button assignment was left for female and right for male for half of the subjects and was reversed for the other half. each stimulus was presented for 250 ms followed by a response window which lasted until the subjects responded but was maximized in 2 s (Fig. 1 ). The fixation point was present throughout the entire trial. In experiment 1, the inter-trial interval (iti) was randomized in the range of 1600-1800 ms. Viewing was monocular with the amblyopic eye (ae) in one block and with the dominant fellow eye (fe) in another while the unused eye was patched, while in yet another block viewing was binocular (bo). each participant completed one run per eye yielding 128 trials each. on the other hand, in the fmri paradigm of experiment 2, faces were separated by a fixed stimulus onset asynchrony (SOA) varied pseudorandomly among 5550, 7550 or 9550 ms. Viewing was monocular with the amblyopic eye (ae) in one run and the dominant fellow eye (fe) in another while the other eye was patched. each subject performed three functional runs per eye, yielding 72 trials each. in addi- Fig. 1 . experimental design. in experiment 1 the inter-trial interval (iti) was randomized in the range of 1600-1800 ms after the response had been made, while in experiment 2 faces were presented with a fixed soa of varying length (5500, 7500 or 9500 ms)
tion, an extra 10% of all trials were blank, i.e. did not include a face stimulus and served as baseline. stimulus presentation was controlled by matlab 7.1. (the math-works) using the cogent 2000 toolbox (http://www.vislab.ucl.ac.uk/cogent.php) in both experiments. in the eeg experiment, visual stimuli were presented on a 26" lg lcd monitor at a refresh rate of 60 hz and were viewed from 56 cm. in the case of the fmri experiment, stimuli were projected onto a translucent screen located at the back of the scanner bore using a panasonic pt-d3500e dlp projector (matsushita electric industrial) at a refresh rate of 75 hz. stimuli were viewed through a mirror attached to the head coil at a viewing distance of 58 cm. head motion was minimized using foam padding.
Localizer scan in addition, during the fmri experimental session (experiment 2), subjects performed a separate localizer scan to provide a map of face-selective regions for the roi analysis. the scan was a block design of 16-s-long epochs of faces and nonsense objects [13] interleaved with their fourier phase-randomized versions, which served as baseline. stimuli were presented with 0.5 hz for 300 ms each. there were 8 face blocks, 8 object blocks, and 17 baseline blocks, making a total number of 33 blocks. subjects performed a one-back task during the face and object blocks and reported the total number of one-back repetitions at the end of the run.
Data analysis
Behavioral data analysis responses and reaction times were collected during both experiments. data was rank transformed where needed to correct for inhomogeneity of variances and entered into one-way repeated-measures anoVas with eye (bo vs. fe vs. ae) as within subject factor with greenhouse-geisser correction for non-sphericity; post-hoc t-tests were computed using tukey hsd tests.
Electrophysiological recording and analysis
eeg data were acquired using a brainamp mr (brainproducts gmbh., munich, Germany) amplifier from 60 Ag/AgCl scalp electrodes placed according to the extended 10-20 international electrode system and mounted on an easycap (easycap gmbh, herrsching-breitbrunn, germany) with four additional periocular electrodes placed at the outer canthi of the eyes and above and below the right eye for the purpose of recording the electro-oculogram. all channels were referenced to joint earlobes online; the ground was placed on the nasion. all input impedance was kept below 5 kΩ. Data were sampled at 1000 Hz with an analog bandpass of 0.016-250 Hz and re-referenced offline using a Laplacian transform on spherical spline interpolated data (4th order splines, maximum degree of legendre polynomials: 10, lambda: 10 -5 ) to generate scalp current density (scd) waveforms. the scd data is reference independent and displays reduced volume conduction eliminating raw eeg contamination from saccadic potentials [22] . subsequently, a digital 0.1 hz 12 db/octave Butterworth Zero Phase high-pass filter was used to remove DC drifts, and a 50 Hz notch filter was applied to minimize line-noise artifacts. Finally, a 24 dB/octave lowpass filter with a cutoff frequency of 30 Hz was applied. Data was segmented (see below) and trials that contained voltage fluctuations exceeding ±100 μV, or electrooculogram activity exceeding ±50 μV were rejected. Data processing was done using brainVision analyzer (brainproducts gmbh., munich, germany).
the trial-averaged eeg waveform -i.e. the event-related potential (erp) -was computed as follows. data was segmented into 1000 ms epochs starting from 200 ms preceding the stimuli. segments were baseline corrected over a 200 ms pre-stimulus window, artifact rejected and averaged to obtain the erp waveforms for each subject for each condition. subject erps were averaged to compute the grand average erp for visualization purposes. statistical analysis was performed on early component peaks (p1, n170) of the averaged erp waveform. early peak amplitudes were computed as follows: peak latency was determined individually on pooled electrodes from left and right clusters (p7, p9, po7, and po9 and p8, p10, po8, and po10) separately, while mean peak amplitudes were measured over the individual electrodes in the above clusters in a 10 ms window centered on the peak latencies. the clusters included electrodes where p1 and n170 showed their maxima, which happened to coincide due to the scd transform. amplitude and latency values were rank transformed where needed to correct for inhomogeneity of variances and analyzed by three-way repeated-measure anoVas with eye (bo vs. fe vs. ae), side (2) and electrode (4) as within-subject factors separately for each component. greenhousegeisser correction was applied to correct for possible violations of sphericity. posthoc t-tests were computed using tukey hsd tests.
we assessed the relationship using pearson correlation between the relative changes (ae-fe) in erp component amplitude and latency and the difference in interocular visual acuity (Va) (ae-fe) expressed in logmar values obtained at a distance of 4 m with the best refractive correction, the difference in performance (fe-ae) and in reaction time (rt) (ae-fe). latency and amplitude measures can be treated as independent, while measured values over the different hemispheres and different behavioral measurements are strongly dependent on each other. Therefore, the significance threshold was set to p = 0.025 (p Bonf = 0.05) to correct for the multiple comparisons problem.
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Functional magnetic resonance imaging acquisition and analysis in experiment 2, data were collected at the mr research center of szentágothai Knowledge center (semmelweis university, budapest, hungary) on a 3.0 tesla philips achieva scanner equipped with an eight-channel sense head coil. highresolution anatomical images were acquired for each subject using a t1-weighted 3d tfe sequence yielding images with a 1 × 1 × 1 mm resolution. functional images were collected using 31 transversal slices (4 mm slice thickness with 3.5 mm × 3.5 mm in-plane resolution) with a non-interleaved acquisition order covering the whole brain with a bold-sensitive t2*-weighted echo-planar imaging sequence (tr = 2 s, te = 30 ms, fa = 75°, foV = 220 mm, 64 × 64 image matrix, 7 runs, duration of each run = 444 s, and a localizer run, duration = 528 s).
details of preprocessing and statistical analysis have been given previously [3] . Briefly, the functional images were corrected for acquisition delay and head motion and spatially smoothed with a gaussian kernel of 8 mm fwhm (spm8, welcome department of imaging neuroscience). in addition, gray and white matter in the anatomical images were co-registered with the mean functional t2* images followed by segmentation and normalization to the mni-152 space using spm's segmentation toolbox. the resulting gray matter mask was used to restrict statistical analysis on the functional files. To define the regressors for the general linear model analysis of the data, a reference canonical hemodynamic response function was convolved with boxcar functions, representing the onsets of the experimental conditions. lowfrequency components were excluded from the model using a high-pass filter with 128 s cutoff. Variance that could be explained by the previous scans was excluded using an autoregressive ar(1) model, and movement-related variance was accounted for by the spatial parameters resulting from the motion correction procedure. the resulting regressors were fitted to the observed functional time series within the cortical areas defined by the gray matter mask. Individual statistical maps were then transformed to the mni-152 space using the transformation matrices generated during the normalization of the anatomical images. For data visualization the XjView 8. toolbox (http://www.alivelearn.net/xjview8/) was used. stereotaxic coordinates are reported in mni space, and regional labels were derived using the aal atlas provided with XjView 8.
Region of interest analysis
Regions of interests (ROIs) were defined individually based on the localizer run. areas matching our anatomical criteria and lying closest to the corresponding reference cluster (i.e. clusters from the random-effects group analysis of the localizer run, (p unc < 10 −4 ; t (10) > 5.69)) were considered to be their appropriate equivalents on the single-subject level. the location of the fusiform face area (ffa) was determined as area responding more strongly to faces than to objects or phase-randomized faces (p unc < 10 −4 ; t (10) > 5.69). It was possible to define right FFA in 10 and 7 subjects viewing with the fellow and amblyopic eye, respectively (average MNI coordinates ± SD: fellow eye: 41 ± 2, −52 ± 6, −21 ± 4 and amblyopic eye: 41 ± 3, −53 ± 7, −19 ± 6); and left FFA in 7 and 6 subjects (average MNI coordinates ± SD: fellow eye: −40 ± 5, −53 ± 8, −23 ± 2 and amblyopic eye: −39 ± 2, −54 ± 10, −22 ± 2). In the remaining subjects we used the ffa coordinates obtained from the random-effects group analysis of the localizer run (right FFA: 40, −48, −20 and 38, −44, −24 for fellow and amblyopic eye, respectively; left FFA: −40, −36, −22 and −34, −44, −28 for fellow and amblyopic eye, respectively). a time series of the mean voxel value within a 8-mmradius sphere around the local peak of the areas of interest was calculated and extracted from the event-related sessions (marsbar 0.38) [5] , and the same glm was applied to the data as used in the whole-brain analysis. the percent signal change was estimated for both ffas for each observer to characterize the magnitude of the response change. we performed a two-way anoVa for each area with hemisphere (l vs. r) and eye (fe vs. ae) as factors.
results
Behavioral results
performance in the gender categorization task was decreased when stimuli were presented in the amblyopic eye (rank anoVa: main effect of eye: f (2,22) = 5.57, p G-Gcorr = 0.021, post hoc: p = 0.036, p = 0.014 compared with binocular viewing and the fellow eye conditions, respectively, fig. 2a ). similar amblyopic effects were found on the reaction times: responses with amblyopic viewing were significantly slower than in the other two conditions (main effect of eye: f (2,22) = 14.58, p G-Gcorr = 0.0003, post hoc: p = 0.0008 and p = 0.0003 compared with the binocular viewing and the fellow eye condition, respectively, fig. 2b ) importantly, however, performance and reaction times did not differ between the presentation to the fellow eye and the binocular viewing condition (post hoc: bo vs. fe p = 0.911 and p = 0.84 for performance and rts, respectively).
Amblyopic effects on amplitude and latency of the early ERP components
electrophysiological results revealed that amblyopia has a profound effect on the amplitude and latency of the early event-related potential (erp) components. Viewing with the amblyopic eye resulted in reduced amplitudes (rank anoVa: main effect of eye: f (2,22) = 11.00, p G-Gcorr = 0.0036 and f (2,22) = 8.28, p G-Gcorr = 0.007 for the components p1 and n170, respectively; post hoc: ae vs. bo p = 0.0008, ae vs. fe p = 0.0035 for the component p1, post hoc: ae vs. bo p = 0.0065, ae vs. fe p = 0.0043 for the component n170) and increased latencies (main effect of eye: f (2,22) = 18.18, p G-Gcorr = 0.0004 and f (2, 22) = 25.47, p G-Gcorr < 0.0001 for the compo-nents p1 and n170, respectively, post hoc ae vs. bo p = 0.0002, ae vs. fe p = 0.0002, for the component p1, post hoc: ae vs. bo p = 0.0001, ae vs. fe p = 0.0002, for the component n170) compared with the fellow eye and the binocular viewing condition for both early erp components ( fig. 3a) . however, in accordance with the behavioral results, there was no difference in the early erp responses between the fellow eye presentation and the binocular viewing condition (post hoc: bo vs. fe p = 0.79 and p = 0.98 for the p1 and n170 amplitude, respectively; p = 0.89 and p = 0.63 for the p1 and n170 latency, respectively).
next, we tested the relationship between the amblyopic effects measured on the erp components (i.e. interocular difference in the amplitude and latency of the early components) and the amblyopic impairment in visual acuity (Va, logmar), face gender categorization performance and reaction times (Fig. 3B) . We found significant correlation between the amblyopic effects on the behavioral measures and on the latency of the n170 component over the right hemisphere (n170 latency vs. Va r = 0.66, p = 0.019; n170 latency vs. performance r = 0.67, p = 0.017; n170 latency vs. rt r = 0.63, p = 0.027). amblyopic effects on the n170 over the left hemisphere and on the p1 component showed no correlation with the amblyopic impairments found on the behavioral measures. behavioral impairments also did not correlate with the amblyopic effects on the amplitudes of either component (table 2) . 
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Amblyopic effect on the fMRI responses in FFA interestingly, our erp results revealed that the amblyopic decrease of the peak amplitudes is of comparable magnitude in the case of p1 (l: 63%, r: 70%) and n170 (l: 67%, r: 72%) components ( fig. 4) . this might appear to be at odds with the previous fmri results, showing that the magnitude of the amblyopic effects on the Fig. 3 . electrophysiological results. (a) amblyopic effects on the grand average erps of the left and right electrode cluster (p7, p9, po7, and po9 and p8, p10, po8, and po10). (b) amblyopic effects on the p1 and n170 component amplitude and latency. stimulation of the amblyopic eye resulted in reduced amplitudes and increased latencies of both early visual erp components compared with either the fellow eye or the binocular viewing condition, while the latter two differed neither in amplitude nor in latency (n = 12, ** p < 0.01; *** p < 0.001) fmri responses to faces increase as one moves to higher areas (such as ffa) within the visual cortical hierarchy [16] . in fact, it was found that fmri responses to foveal face stimuli presented to the amblyopic eye are almost entirely abolished in the ffa [17] . to resolve this question, we measured fmri responses to face stimuli presented either to the fellow or to the amblyopic eye and conducted a region-of-interest analysis to test the interocular differences in fmri responses in the bilateral ffa. the results revealed significantly reduced FFA responses when face stimuli were presented in the amblyopic eye as compared to the fellow eye (main effect of eye: f (1.10) = 5.65, p = 0.039). importantly, however, the magnitude of the amblyopic effect on the fmri responses in ffa (l: 66%, r: 73%) was very similar to that found on the amplitude of the n170 component in experiment 1.
discussion the results revealed no difference in the amplitude and latency of early p1 and n170 components of the erp responses between the binocular and fellow eye stimulation. this is in accordance with the behavioral results showing that face gender categorization performance and reaction times are identical when stimuli are presented binocularly or to the fellow eye. on the other hand, in agreement with previous results we found strong amblyopic effects on the behavioral measures as well as on the p1 and n170 erp components in the case of monocular stimulation of the amblyopic eye. it was also found that amblyopic reduction of the n170 amplitudes and ffa fmri responses are of comparable magnitude. These findings, on the one side appear to be in agreement with the previous results showing that the n170 erp component originates from a network of occipito-temporal cortical areas, involving the ffa [8, 20, 27] and on the other side, are at odds with the previous fmri results, showing that the magnitude of the amblyopic effects on the fmri responses to faces increases as one moves to more downstream visual cortical areas, such as ffa [16, 17] . the most parsimonious explanation for the difference in the strength of the obtained amblyopic effects in ffa between the current and the lerner et al.
[17] study might be based on the difference in the stimulus presentation. in the lerner et al.
[17] study stimuli were presented separately to the amblyopic and fellow eye using red-green glasses, whereas in the present study during monocular presentation the unstimulated eye was closed and covered. it is reasonable to assume that the stronger reduction of the ffa fmri responses for the stimuli presented to the amblyopic eye in lerner et al.
[17] than in the current study might be due to the fact that interocular suppression of the amblyopic eye might be stronger when the fellow eye is open and fixating as compared to when it is closed. previous research investigating interocular suppression in healthy visual systems revealed that suppression processes might start very early in visual processing [9, 29, 31] . furthermore, previous psychophysical [1, 23] and fmri [11, 26, 30] studies as well as single-cell recordings in monkeys [28] and humans [14, 15] provided converging evidence that information conveyed by the non-dominant stimuli might be
